Abstract The dual-frequency capacitively coupled plasma (DF-CCP) with inductive enhancement system is a newly designed plasma reactor. Different from the conventional inductively coupled plasma (ICP) reactors, now a radio frequency (rf) power is connected to an antenna placed outside the chamber with a one-turn bare coil placed between two electrodes in DF-CCP. This paper gives a detailed description of its structure. Moreover, investigations on some characteristics of discharges in this apparatus were made via a Langmuir probe.
Introduction
Low-pressure rf plasma technology has become a common choice in industry with its important and promising development in various fields including semiconductor fabrication, surface processing and preparation of new materials. Dual-frequency capacitive coupled plasma (DF-CCP)
[1∼3] , a kind of rf plasma source, has a capability of controlling both ion flux by its highfrequency (HF) component and ion bombardment energy on the substrate by its low-frequency (LF) component, respectively, which makes it process materials effectively. Unfortunately, plasma density in DF-CCP (generally 10 9 ∼10 10 cm −3 ) is relatively low. So inductively coupled plasma sources (ICPs) [1, 4] were taken into account due to their capability of producing high plasma density. Through the combination of DF-CCP and ICP, we hope to get higher plasma density while still independently control the ion bombardment energy. Meanwhile, it is known that the plasma density distribution in DF-CCP is concave at low pressure [3] . It is hoped to get improved distribution after the combination of two discharge configurations.
ICPs have been studied by domestic and international researchers experimentally and theoretically. A combination of two and four collisional internal inductively coupled plasma sources was experimentally investigated at different mediate gas pressures and radiofrequency powers by LIU Wandong et al [5] . They found nonlinear enhancement of plasma density in this apparatus. WANG Y Q and his coworkers [6] investigated a novel miniaturization of an inductively coupled plasma source based on a printed circuit produced by micro-fabrication techniques. Using a onedimensional slab model, WANG Y N and MAO M [7] studied the electron energy distribution, the anomalous skin effect, and power absorption in the solenoidal inductively coupled argon discharge under low pressures (≤1.33 Pa). TURNER M M et al. also studied an anomalous skin effect at low pressure and high plasma densities [8] through experiments in an inductively coupled argon discharge. Planar induction coils have been gradually developed. Experiments were carried out in a cylindrical ICP in argon gas driven with a planar induction coil in a stainless steel chamber with a Pyrex glass bottom by GODYAK et al [9] . In high-frequency inductively coupled argon discharges with a planar-type coil, Hong-Young CHANG investigated the phenomena of discharge mode transition (E-H mode transition) [10] . More investigations will be performed with the applications of ICPs.
In our work, a one-turn bare coil as one type of ICP was chosen to place into DF-CCP due to its simple structure and little space occupancy (as shown in Fig. 1 ). Its capability in providing a high plasma density (generally, 10 10 ∼10 13 cm −3 ) at low gas pressure with no electrodes [11, 12] makes it a promising candidate. However, very little is known about argon discharges under the condition of combination of DF-CCP and ICP. In particular, we are not sure whether ICP discharge could properly affect the original discharge characteristics of DF-CCP.
In this paper, changes in plasma's characteristics and electron energy probability distribution (EEPF) were obtained through Langmuir probe [13] measurements, and the dependence of these changes in on the ICP power was studied. Besides, the effects of ICP on electron energy and plasma uniformity were experimentally investigated.
Experimental setup and instrumentations
The experimental setup and the instrumentations are shown in Fig. 1 . The grounded stainless steel chamber has axial symmetry with cask structure. The argon discharges took place between two parallel-plate circular stainless steel electrodes which are separated by 57.5 mm. The upper electrode (120 mm in diameter) is connected to 60 MHz rf power source, while the lower one (100 mm in diameter) is connected to 13.56 MHz rf power source, each through an L-type matching network. It is generally known that the bandwidth between 60 MHz and 13.56 MHz is so large that the interference between them is small. A one-turn bare coil (130 mm in diameter) shown in Fig. 1 is placed at the center of the gap between the two electrodes. One port of the coil is grounded through a capacity. At another port, 13.56 MHz rf power source transfers the power to the coil through an L-type matching network. For less pollution in the plasma, stainless steel is chosen as the material of the coil, the same as is used for the chamber. In spectral analysis, the spectral intensities of C, Fe and Cr were found to be very weak compared with that of Ar, which indicates that the plasma is only a little polluted. In consideration of coil short-circuiting, the diameter of the coil is large enough and the coil keeps a proper distance to the chamber walls. The gas is evenly distributed through a shower ring. The gas flow is controlled by a mass flow controller (MFC) and the pressure is controlled using a gate valve. The pump system consists of a mechanical pump with a pumping speed of 8 L/s and a turbo molecular pump with a revolving speed of 27000 r/min.
An rf-compensated Langmuir electrostatic plasma probe system (Hiden ESPION) was chosen. All probe scans were taken at the discharge center at the pressure of 30 mTorr. The probe system consists of a small probe tip, which is made by a tungsten wire of 0.15 mm in diameter and 10 mm in length, and a reference probe for probe circuit resistance. Discharge resistance was considered by the compensation feedback. In the course of the experiment, the probe was kept red hot in the period of every scan to keep the probe surface clean without changing the work function of the probe surface [14] . A typical I-V curve was obtained by 500 data points for a good curve. Then it was smoothed using fast Fourier transform (FFT) before numerical differentiation.
After acquiring the probe I-V characteristics curves, the EEPFs were obtained based on the second differentiation of I-V curve from the Druyvesteyn formula [1] :
where e and m e are the electron charge and electron mass, V and I are the probe voltage and current and A is the probe surface area. ε is electron energy. The electron densities and electron temperatures were acquired as corresponding integrals of the EEPF from the following formula [1] :
The plasma potential V p is the probe potential referenced to the grounded metal chamber at the zero crossing point of the second derivative I-V curve.
Results and discussion
At low (gas) pressure, electron temperature of few eV and the gap distance of 57.5 mm, EEPFs belong to the nonlocal regime in pure CCP discharge, because half of the gap distance is much less than the energy relaxation length λ ε for electrons in the elastic energy range (l << λ ε ) [15, 16] . EEPFs obtained under this experimental condition in pure ICP discharge also belong to the simply nonlocal regime [17] . The EEPFs, graphed in a semi-log plot as shown in Fig. 2 , at low ICP discharge power are a twotemperature structure due to the low electron-electron collisions at low pressure [18∼21] and the high plasma potential as shown in Fig. 5 . But the EEPFs at high ICP powers (P ≥100 W) are very close to a Maxwellian distribution in the elastic energy range (ε < ε * =11.55 eV) and have a depletion in the highenergy inelastic energy range (ε > ε * ) (ε * , the excitation energy for argon) by inelastic collisions between electrons and neutral gases [22, 23] . EEPFs shift from the two-temperature structure to the Maxwellian distribution in the elastic energy range with increasing ICP power as a result of enhancement in electron-electron collisions [20, 24] . The appearance of a low-energy peak is related to the nonlocal electron kinetics in low pressure rf discharges at moderate plasma density (capacitive, inductive or wave driven) [20] . Due to the ambipolar dc potential, low energy electrons are trapped in the plasma bulk outside the plasma boundary (the rf sheath and skin layer), so they are prevented from gaining energy from the plasma boundary [24] . This is the reason for the formation of plenty groups of low energy electrons. However, high energy electrons can cross the skin layer and gain energy effectively. Collisionless electron heating takes place in this way. The main mechanism of the high energy tail depletion is the loss of the energetic electrons to the walls [23, 25] . Fig. 3 shows that the electron density measured in pure CCP discharge is almost uniform and the distribution is concave. On the other hand, the plasma density has an obvious decreasing trend from the boundary to the center in pure ICP discharge, in which the distribution is convex. The density in pure ICP discharge is larger by one order of magnitude than that in pure CCP discharge. In the DF-CCP and ICP mixed discharges, the level of the density is moderate because of nonlinear phenomena [5] . However, it is not as expected that excellent uniformity would arise from the combination of concave and convex distribution in the mixed discharges. So we will adjust the coil's diameter, the numbers of turns or the space between the turns to get an ideal result for industrial applications. It can be seen in Fig. 4 that the increase from 0 V to 170 V in low-frequency power results in a significant decrease in the electron temperature (left). The reason is that the electric field intensity at the discharge center decreases with the low-frequency current while the field intensity at the sheath increases [26] . The low-energy electrons are confined near the discharge center by the ambipolar potential. Thus, the temperature of the lowenergy electrons decreases with decreasing electric field intensity at the discharge center. Because the electron temperature represents the majority of low energetic electrons, the measured electron temperatures decrease with increasing low-frequency power [26] . On the other hand, the electron temperature (right) is enhanced with the addition of ICP power because the electrons gain energy not only from the sheath in the electrodes but also from the skin layer in ICP. Then it remains almost unchanged from 50 W to 170 W. It is noted that this plasma source still possesses one specific characteristic of DF-CCP that the change of low-frequency power has a great influence on the electron temperature just as we wished. The variations of plasma potential and electron density against ICP power are shown in Fig. 5 . The reason for high plasma potential and low electron density at low ICP powers is the existence of capacitive heating from ICP discharge according to SEO et al [23] . With reference to Fig. 2 , the EEPFs at low ICP powers, where the capacitive power coupling plays a significant role in electron heating, have an obvious twotemperature structure and are very similar to those in low-pressure capacitively coupled plasmas (CCPs) [13] . The discharge is considered in the E-mode. With increasing power, the plasma potential has a steep drop and the electron density increases by one order of magnitude. Above 200 W, the electron density and plasma potential change slowly. It seems to achieve the mode transition and turns into the H-mode discharge [22] . 
Conclusions
In this paper, the characteristics of argon discharge in dual-frequency capacitive coupled plasma with inductive enhancement were experimentally studied by an rf-compensated Langmuir electrostatic probe system. The electron density, electron temperature, plasma potential and EEPF were obtained. At low pressure (30 mTorr), EEPFs shift from the two-temperature structure to the Maxwellian distribution in the elastic energy range with increasing ICP power as a result of enhancement in electron-electron collisions. It is clear that the electron density in DF-CCP discharge has been raised after adding the ICP power, and the weak point of bad uniformity in ICP discharge has been improved significantly with DF-CCP addition. The coil needs adjusting further. The electron temperature can be influenced by low-frequency power effectively, but not by the ICP power. Electron density and plasma potential have entirely inverse trends of variation. One reason for high plasma potential at low ICP powers is the existence of the capacitive heating. It needs further experimental and theoretical investigations on the discharge characteristics in this apparatus.
